Nanomechanical biosensors translate molecular recognition events into a nanomechanical response by the use of microcantilever structures. 1 The underlying physical principle is the buildup of differential surface stress between opposite cantilever sides induced by the attachment of the targeted molecules to one of the cantilever sides, previously sensitized with the corresponding bioreceptor. The advantages of nanomechanical biosensors include real-time labelfree detection, high sensitivity, small sensor area, and capability for simultaneous detection of different targets by use of cantilever arrays. This recent kind of biosensor has demonstrated a high capability for detection of proteins and nucleic acids. [2] [3] [4] Usually, silicon or silicon nitride cantilevers are used, which are coated with a thin gold layer on one side, for selective sensitization of the gold surface with the bioreceptors by well-known self-assembly chemistry. The main limitation of these cantilevers is the signal cross talk between the molecular recognition signal and the environmental changes due to the fluctuations in temperature and ion concentration in aqueous solutions. The difference in the thermal expansion coefficients between gold and silicon ͑or silicon nitride͒ produces a deflection of about 20-100 nm/ K for standard cantilever dimensions. 5 On the other hand, silicon surfaces are very reactive to ions present in aqueous solutions. 6 Thus, small fluctuations or drift in the environment properties often obscure the surface stress signals that arise from the molecular recognition events, because these can be as small as 1 -10 mN/ m, equivalent to a deflection of 1 -10 nm in standard microcantilevers. 2, 7, 8 Cross sensitivities can be reduced or eliminated by using cantilever arrays for measuring the differential cantilever bending with respect to a reference cantilever, whose surface must be passive to the target molecules. 2, 9 However, this technique is limited by ͑i͒ the difficulties for passivation of cantilevers close to the active cantilevers in a miniaturized array and ͑ii͒ deviations in mechanical properties between reference and measurement cantilevers. 9 We have fabricated, characterized, and applied for biological detection microcantilevers fabricated in the polymer SU-8 and passivated with a thin fluorocarbon film on one side at the fabrication stage. Both materials have similar thermal and mechanical properties and are relatively inert to the ions present in aqueous solutions. In addition, polymeric cantilevers have the potential for higher sensitivity than silicon and silicon nitride cantilevers due to the 50 times lower Young's modulus. 10 These characteristics allow for specific biological detection with a single microcantilever.
The fabrication process of the cantilever sensors is based on spin coating of the photosensitive polymer SU-8 ͑Micro-chem Corp., Newton, MA͒ and near-ultraviolet exposure. 10 A silicon wafer is used during the process as support for the multiple SU-8 layers. First, a fluorocarbon film is deposited onto this wafer by induced polymerization in a C 4 F 8 plasma. 11 The purpose of this process step is twofold. On one hand, the thin film serves to easily release the devices from the support silicon wafer. On the other hand, the fluorocarbon film acts as the passive layer due to its chemical inertness. A scanning electron microscopy image of the finished device is shown in Fig. 1 . Cantilever deflection measurements were carried out by using the optical beam deflection method. 12 Reflectivity of uncoated polymer cantilevers is sufficient to perform sensitive deflection measurements with the technology commonly used for gold-coated cantilevers.
In Fig. 2 , the nanomechanical response of a flurocarboncoated SU-8 polymer cantilever and that of a gold-coated silicon nitride cantilever ͑Olympus Ltd., Japan͒ to temperature variations are compared. For adequate comparison, cantilever dimensions are such that both cantilevers experience similar bending with respect to changes in surface stress. In Table I , Z accounts for the calculated deflection for a differential surface stress of 1 mN/ m according to Stoney's
where E is the Young's modulus, is the Poisson ratio, t and L are thickness and length of the beam, and accounts for the differential surface stress. The experiment shows that the temperature sensitivity of the polymeric cantilevers is 14 times smaller than that of gold-coated silicon nitride cantilevers. The measured bending compares well to the expected values according to the Timoshenko formulas 13 described in Eq. ͑1͒, considering the dimensions and material properties 14, 15 of the cantilevers, summarized in Table I ,
In Eq. ͑1͒, ␣ 1 and ␣ 2 describe the thermal expansion coefficients of the materials and ⌬T describes the temperature variation. The thermal stability gained by the use of polymer materials is crucial to decrease the noise during bioassays, while keeping a high sensitivity to molecule adsorption. In addition, it allows the application of cantilever sensors for temperature-controlled bioassays. 9 In order to characterize the cantilever response to variations in the ion concentration in buffer solutions, we have characterized the response of the polymeric cantilevers to pH variations and compared it to the response of standard goldcoated silicon nitride cantilevers ͑Fig. 3͒. Here, a polymeric cantilever activated on one side with a silane layer was used.
For a pH change from 7 to 11, the silicon nitride cantilever response was six times larger than that for the SU-8 cantilever. When the pH was decreased from pH 7 to pH 2, the silicon nitride cantilever undergoes a bending 50 times larger than that of the polymeric cantilever. The polymeric materials provide enhanced stability to variations in the ion concentration that could screen the molecular recognition signal.
The polymeric sensors were applied for measuring the immunoreaction between the human growth hormone ͑hGH͒ and its antibody ͑␣-hGH͒. Previously, the gold-coated silicon nitride cantilevers were applied and the immunospecific binding of ␣-hGH could not be detected. A protocol specially developed for SU-8 was applied for immobilization of the human growth hormone antigen. Briefly, SU-8 cantilevers were immersed into 1:3, H 2 SO 4 :H 2 O 2 for 10 s and washed in MilliQ water afterwards. Under this treatment, epoxy groups on the SU-8 surface open up due to the highly acidic environment and react with oxygen leaving hydroxyl groups on the surface. The hydroxyl groups serve as binding sites for the formation of self-assembled silane monolayers when the cantilevers are incubated in mercaptosilane solution for 1 h. The thiol-ended silane monolayer is then activated by the heterobifunctional crosslinkers N-hydroxysuccinimide and N-͑3-dimethylaminopropyl͒-NЈ-ethylcarbodiimide hydrochloride ͑from Sigma-Aldrich Co.͒. The immobilization of the hGH antigen at a concentration of 5 g / ml was performed under flow conditions in sodium phosphate buffer ͑pH = 7.3͒ and monitored in real-time ͓marked as ͑1͒ in Fig.  4͔ . The hGH adsorption produced a cantilever deflection of about 14 nm toward the fluorocarbon film, which corre- sponds to a differential surface stress of 16 mN/ m. A small decrease in the deflection signal is observed during the buffer rinsing due to the detachment of the loosely bound molecules. The observed permanent bending accounts for the differential surface stress due to the covalent immobilization of hGH on the SU-8 surface. Afterwards, 1 mM ethanolamine was injected into the flow cell ͓marked as ͑2͒ in Fig. 4͔ . Due to its smaller size and high reactivity, this molecule blocks all the possible remaining binding sites on the silane layer to avoid unspecific adsorption during injection of the monoclonal antibody ͑␣-hGH͒. The binding of ethanolamine produces a large deflection of the cantilever, corresponding to a differential surface stress of 329 mN/ m. As a control experiment, the cantilever was first exposed to an unspecific antibody ͑␣-BSA, antibody to bovine serum albumin͒ at a concentration of 5 g/ml ͓marked as ͑3͒ in Fig. 4͔ . We do not observe a cantilever response, indicating that no attachment of ␣-BSA occurred. After the positive control, the specific antibody to hGH at a concentration of 5 g/mL was flowed over the cantilever ͓marked as ͑4͒ in Fig. 4͔ . The molecular recognition between the ␣-hGH and its antigen gave rise to a permanent bending of 11 nm, corresponding to a differential surface stress of 13 mN/ m. The reliability of the polymeric sensor was also validated by detecting the molecular recognition between biotin and streptavidin. Biotinilated BSA was covalently attached on the SU-8 side of the cantilever by using the same chemistry as for hGH immobilization. BSA acts as a vertical spacer, making biotin binding sites easily accessible to streptavidin. Exposure of the cantilever to streptavidin at a concentration of 5 g / ml gave rise a differential surface stress of about 680 mN/ m ͓marked as ͑5͒ in Fig. 4͔ .
In conclusion, the feasibility of a biosensor device based on optical readout of a single cantilever sensor fully fabricated in polymeric materials has been demonstrated. The mechanical properties of the polymer material allow for high sensitivity. In addition, the passivation of one side of the cantilever with a fluorocarbon film, together with the immobilization protocol developed, has demonstrated good specificity to the reactions of interest in several different measurements. Furthermore, the materials chosen for the cantilever preserve the stability of the measurements with respect to thermal changes or electrolyte fluctuations in solution. This allows for detection of differential surface stresses as small as 1 mN/ m without the need for a reference cantilever. Further improvements of the fabrication process should allow reducing the cantilever thickness by at least a factor of 5, leading to sensitivities of about 50 N / m. This development also has great potential for application in temperaturecontrolled studies of biomolecules or polymerase chain reaction thermal cycling experiments. FIG . 4. The graph shows two measurements of molecular recognition events. The upper curve corresponds to a full experiment for real-time detection of human growth hormone with its specific antibody. The deflection signals corresponding to the immobilization of the antigen hGH ͑1͒ and the reaction with the monoclonal antibody ␣-bGH ͑4͒ have been enlarged for major clarity. Ethanolamine immobilization ͑2͒ was performed after antigen immobilization to block the remaining binding sites that could give unspecific adsorption signals. The control experiment by exposure of the cantilever to ␣-BSA is labeled as ͑3͒. The lower curve corresponds to the molecular recognition reaction between streptavidin ͑5͒ and biotinilated BSA, which is covalently anchored to a polymeric cantilever.
